
Abstract. Background: Mammalian target of rapamycin
(mTOR) inhibitors such as rapamycin have shown modest
effects in cancer therapy due in part to the removal of a
negative feedback loop leading to the activation of the
phosphatidylinositol 3-kinase/Akt (PI3K/Akt) signaling
pathway. In this report, we have investigated the role of
FOXO1, a downstream substrate of the PI3K/Akt pathway in
the anticancer efficacy of rapamycin. Materials and Methods:
Colon cancer cells were treated with rapamycin and FOXO1
phosphorylation was determined by Western blot. Colon
cancer cells transfected with a constitutively active mutant of
FOXO1 or a control plasmid were treated with rapamycin
and the antiproliferative efficacy of rapamycin was monitored.
Results: Rapamycin induced the phosphorylation of FOXO1
as well as its translocation from the nucleus to the cytoplasm,
leading to FOXO1 inactivation. The expression of an active
mutant of FOXO1 in colon cancer cells potentiated the
antiproliferative efficacy of rapamycin in vitro and its
antitumor efficacy in vivo. Conclusion: Taken together these
results show that rapamycin-induced FOXO1 inactivation
reduces the antitumor efficacy of rapamycin.

The mammalian target of rapamycin (mTOR) is a
serine/threonine kinase that regulates cell growth and
proliferation by forming two distinct complexes, mTORC1
and mTORC2. mTORC1 is activated by mitogens or nutrient
availability and phosphorylates two downstream substrates
S6K1 and 4E-BP1 which results in mRNA translation
necessary for cell cycle progression. mTORC2 senses growth
factors and is responsible for the phosphorylation and full
activation of Akt (1, 2). Multiple studies have clinically
investigated the potential use of mTOR inhibitors for the

treatment of cancer. Overall in cancer patients, the use of
rapamycin and its derivatives which specifically block
mTORC1 has been less successful than expected (3). One
reason might be that in several cell types, the inhibition of
mTORC1 by rapamycin activates the phosphatidylinositol 3-
kinase/Akt (PI3K/Akt) signaling pathway through the
removal of a negative feedback loop and the up-regulation of
receptor tyrosine kinases or associated proteins such as
platelet-derived growth factor receptor (PDGFR) or insulin
receptor substrate 1 (IRS-1) (4, 5). Consistent with this,
several reports have shown that targeting PI3K or IRS-1 in
combination with rapamycin potentiates the antiproliferative
properties of rapamycin (6-9).

The forkhead box class O (FOXO) subclass of forkhead
transcription factors plays critical roles in different cellular
processes, including cell cycle progression, cell survival, cell
differentiation, protection from stress and cell metabolism
(10). FOXO members belong to a family of evolutionary
highly conserved transcription factors, classified based on their
conserved DNA-binding domain, the presence of two large
loops and a consensus DNA-binding sequence (11). Different
signaling pathways regulate the function and activation of
FOXO factors. Most importantly, FOXO proteins are
negatively regulated by Akt-mediated phosphorylation which
inhibits their ability to induce the transcription of target genes
by causing the sequestration of FOXO factors in the cytoplasm
(12). Therefore, the activity of FOXO factors are mainly
regulated via changes in subcellular localization. Several
observations showing that FOXO proteins are inhibitors of cell
proliferation and survival suggest that FOXO factors inhibit
tumor growth (13). Indeed, while the overexpression of
FOXO1 and FOXO3a blocks tumor progression, the inhibition
of FOXO1 and FOXO3a induces breast and prostate cancer
growth (14, 15). In addition, HER2-induced tumorigenesis in
nude mice is prevented by the overexpression of an active
mutant of FOXO4 (16).

Since FOXO1 is a direct substrate of Akt and since mTOR
inhibition by rapamycin induces the activation of the
PI3K/Akt signaling pathway, we evaluated the role of
FOXO1 in the antitumor properties of rapamycin.
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Materials and Methods

Cell lines, antibodies and reagents. The human colon cancer cell
lines HT29 and LS174T were obtained from the American Type
Culture Collection (ATCC, Molsheim, France) and cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal calf serum. Antibodies directed against phospho-Akt
(S473), Akt, phospho-FOXO1 (Thr24), FOXO1, phospho-S6
ribosomal protein (Ser235/236) and S6 ribosomal protein were from
Cell Signalling Technology (Danvers, MA, USA). Rapamycin was
from Calbiochem (La Jolla, CA, USA) for in vitro experiments and
from LC laboratories (Woburn, MA, USA) for in vivo experiments.
The dominant negative mutant Akt (plasmid 9031), pcDNA3
(plasmid 10792) and the constitutive active FOXO1 (Flag-pcDNA3-
FOXO1-A3, plasmid 13508) were obtained from Addgene
(Cambridge, MA,USA) and are described elsewhere (17, 18).

Cell transfection. For transient transfections, HT29 and LS174T cells
were transfected with pcDNA3 or a dominant negative mutant of Akt,
using the Effectene transfection reagent (Qiagen, Basel, Switzerland)
and following the manufacturer’s instructions. For stable transfections,
HT29 cells were tranfected with pcDNA3 or a flag tagged constitutively
active mutant of FOXO1 (FOXO1-3A) using the Effectene transfection
reagent. Stable transfectants were selected for resistance to G418 (500
μg/ml; PAA laboratories, Pasching, Austria) for 2 weeks and further
expanded in the presence of G418 (100 μg/ml).

Cell cycle analysis. HT29 cells were stably transfected with pcDNA3
or a constitutively active mutant of FOXO1 and treated or not with
rapamycin (10 ng/ml) for 48 hours. Cells were subsequently collected
by trypsin digestion, washed in phosphate-buffered saline (PBS) and
incubated for 24 hours in 70% ethanol. HT29 cells were resuspended
in PBS containing 20 μg/ml propidium iodide and 200 μg/ml RNAse
and incubated for 45 minutes at 37°C. DNA content of the cells was
analysed with a FACScan II and CellQUEST software (Beckton
Dickinson, Moutain View, CA, USA).

Subcellular fractionation. Cytoplasmic and nuclear fractions of HT29
cells were obtained by using the Qproteome Cell Compartment Kit
(Qiagen) and following the manufacturer’s instructions.

Cell proliferation studies. HT29 cells stably transfected with pcDNA3
or a constitutively active mutant of FOXO1 were plated in six-well
culture plates at a density of 200,000 cells/well and cultured in DMEM
supplemented with 10% fetal calf serum. Twelve hours later, cells were
treated with rapamycin (10 ng/ml) or vehicle (dimethylsulfoxide) and
incubated for 3, 5 or 7 days. Cells were subsequently collected and
trypan-blue negative cells were counted by light microscopy using a
Neubauer hemocytometer. 

Western blot analysis. HT29 and LS174T cells were treated with
rapamycin (10 ng/ml) or dimethylsulfoxide as a control for 1, 24 or
72 hours. Alternatively, HT29 and LS174T cells were also transfected
with a dominant negative mutant of Akt or pcDNA3 as a control.
Forty-eight hours post transfection cells were exposed to rapamycin
or dimethylsulfoxide as a control for an additional 24 hours. Cells
were subsequently harvested in RIPA lysis buffer containing 50 mM
Tris-HCl, pH 7.4, 150 mM NaCl,1% Nonidet P-40, 0.5% sodium
deoxycholate, 1% SDS, 5 mM EDTA, 1 mM phenylmethylsulfonyl
fluoride, 10 μg/ml leupeptine, 1 mM sodium orthovanadate. Protein

concentrations were measured using BCA Assay (Pierce, Rockford,
IL, USA). Equal amounts of protein (20 μg) were separated on 4-12%
polyacrylamide gel and subsequently transferred to a polyvinylidene
difluoride membrane (Millipore, Zug, Switzerland). Membranes were
blocked with Odyssey blocking buffer (LI-COR Biosciences, Lincoln,
NE, USA) and immunoblotted with primary antibodies followed by
infrared secondary antibodies. Bands from immunoreactive proteins
were visualised by an Odyssey infrared imaging system. 

Tumor xenografts. Animal experiments were in accordance with the
Swiss Federal Animal Regulations and approved by the local
veterinary office. Female nude mice aged 8 weeks were purchased
from Charles River (Charles River Laboratories, St. Germain sur
l’Arbresle, France). HT29 cells or HT29 cells stably transfected with
pcDNA3 or an active mutant of FOXO1 at 2×106 were injected
subcutaneously (s.c.) into the flank of nude mice. Once the tumour
xenografts reached 100 mm3, mice were randomized into different
groups (n=5/group) and treated with vehicle (ethanol) or rapamycin
(1.5 mg/kg/d) for 20 days. All mice were sacrificed after 20 days of
treatment. Tumor volumes were measured using callipers every day
and calculated with the formula =π/(6a2b) where a is the short axis
and b the long axis of the tumor.

Statistical analysis. Data were analyzed by Student’s t-test. Values of
p<0.05 were considered statistically significant.

Results

Rapamycin inactivates FOXO1 in colon cancer cell lines. To
test whether the inhibition of mTORC1 by rapamycin induces
the phosphorylation of FOXO1 in colon cancer cells, HT29 and
LS174T cells were exposed to rapamycin and FOXO1
phosphorylation was evaluated by Western blot. In addition, we
also analysed S6 ribosomal protein phosphorylation, which is
downstream of mTORC1, as an indicator of rapamycin-
induced mTORC1 inhibition. We observed that rapamycin
increased the phosphorylation of FOXO1 (Figure 1a). This
effect was already apparent after one hour and persisted after
72 hours of treatment. In addition, rapamycin also induced the
phosphorylation of Akt, the upstream effector of FOXO1. S6
ribosomal protein phosphorylation was totally blocked by
rapamycin (Figure 1a). 

To demonstrate that rapamycin-induced FOXO1
phosphorylation was mediated by Akt, we transfected HT29
and LS174T cells with a plasmid encoding a dominant negative
mutant of Akt (18). We observed that rapamycin-mediated
FOXO1 phosphorylation was inhibited by the expression of the
dominant negative mutant of Akt in HT29 and LS174T cells
(Figure 1b). 

Finally, to document that rapamycin-induced FOXO1
phosphorylation resulted in FOXO1 translocation from the
nucleus to the cytoplasm, we analysed FOXO1 subcellular
localization in HT29 cells following rapamycin treatment.
Western blot analysis of subcellular fractions revealed that
FOXO1 was present in the cytoplasm and the nucleus.
However, upon rapamycin treatment, FOXO1 was mainly
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present in the cytoplasm (Figure 1c). Taken together, these
results show that rapamycin induces the phosphorylation of
FOXO1 and its translocation from the nucleus to the cytoplasm
in colon cancer cells.

The antiproliferative effect of rapamycin is potentiated by the
overexpression of a dominant active mutant of FOXO1. We
next hypothesized that rapamycin-induced FOXO1
phosphorylation and inactivation may be responsible for
reducing the antiproliferative efficacy of rapamycin. To
investigate this, we stably transfected HT29 cells with an
empty vector (pcDNA3) or a flag tagged active mutant of
FOXO1 (FOXO1-A3) (18). The constitutive active mutant
protein of FOXO1 was mostly located in the nucleus as
observed by Western blot analysis using an anti-flag antibody
(Figure 2a). In addition, we also found that treatment of
transfected HT29 cells with rapamycin did not induce the
translocation of FOXO1-A3 from the nucleus to the cytoplasm,
thus showing that FOXO1-A3 was resistant to rapamycin
treatment (Figure 2a). 

We next evaluated the effect of FOXO1-A3 on the
antiproliferative efficacy of rapamycin. We found that
expression of FOXO1-A3 in transfected HT29 cells reduced
cell proliferation as compared with pcDNA3 transfected cells
(Figure 2b). In addition, we also found the growth inhibitory
effects of rapamycin were significantly greater on cells
transfected with FOXO1-A3 than on cells transfected with
pcDNA3 (p=0.0045). Consistent with these findings, cell cycle
analysis showed that rapamycin treatment of HT29 cells
expressing FOXO1-A3 induced a G1 arrest as shown by a
marked increase of the G1 fraction (Figure 2c). Taken together,
our results show that the active mutant of FOXO1 potentiates
the antiproliferative effect of rapamycin.

The expression of an active mutant of FOXO1 in HT29 tumor
xenografts potentiates the anticancer efficacy of rapamycin.
We next evaluated the role of FOXO1 on the antitumor
efficacy of rapamycin in vivo. We first analyzed whether
rapamycin increased FOXO1 phosphorylation in a tumor
xenograft model. To test this, HT29 cells were injected
subcutaneously into immunodeficient mice. We observed that
rapamycin treatment significantly reduced the tumor volume
compared with vehicle treatment (Figure 3a). We further found
by Western blot analysis of the tumor lysates that rapamycin
increased FOXO1 phosphorylation (Figure 3b). Consistent
with this finding, we also observed that rapamycin increased
the phosphorylation of Akt. Finally as a control for rapamycin-
mediated inhibition of mTORC1, S6 phosphorylation was
totally blocked by rapamycin. 

We next analyzed whether the expression of the constitutive
active mutant of FOXO1 in HT29 xenografts would enhance
the anticancer efficacy of rapamycin. To test this, HT29 cells
that were stably transfected with FOXO1-A3 (HT29/FOXO1-

A3) or with pcDNA3 (HT29/pcDNA3) were injected
subcutaneously into nude mice. As shown in Figure 4,
HT29/FOXO1-A3 tumor xenografts grew slower than
HT29/pcDNA3 tumors. In addition, during the 20-day period
of treatment, the tumor sizes of rapamycin-treated
HT29/FOXO1-A3 xenografts were significantly smaller in
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Figure 1. Rapamycin induces FOXO1 phosphorylation and inactivation
in colon cancer cells. a: HT29 and LS174T cells were treated with
rapamycin (10 ng/ml) or dimethylsulfoxide (DMSO) as a control for the
indicated times. Cell lysates were examined for pAKT (Ser-473), total
Akt, phospho-FOXO1 (Thr24), FOXO1, phospho-S6 ribosomal protein
(Ser 235/236) and S6 ribosomal protein by Western blot. b: HT29 and
LS174T cells were transfected with a dominant negative mutant of Akt
(DNAkt) or pcDNA3 as a control. Cells were exposed to rapamycin (10
ng/ml) or DMSO as a control for 24 hours, subsequently lysed and
lysates were analyzed for phospho-FOXO1 (Thr24) and FOXO1 by
Western blot. c: HT29 cells were treated for 1 hour with rapamycin (10
ng/ml) or DMSO as a control. Cytoplasmic and nuclear protein
fractions were isolated and analysed by Western blot for FOXO1.
Glyceraldheyde-3-phosphate (GAPDH) and histone H3 were used as
loading controls for the cytosolic and nuclear fractions respectively. The
illustrated blots are representative of three similar experiments.



comparison with rapamycin-treated HT29/pcDNA3 tumors.
Taken together, these results show that the expression of a
constitutively active mutant of FOXO1 in HT29 xenografts
enhances the anticancer efficacy of rapamycin.

Dicussion

In our study, we found that rapamycin induced the
phosphorylation of FOXO1 in an Akt-dependent manner in
colon cancer cells. FOXO1 phosphorylation resulted in its
inactivation as observed by its translocation from the nucleus to
the cytoplasm. In addition, we also found that the
overexpression of a constitutive active mutant of FOXO1
potentiated the antiproliferative effects of rapamycin in vitro
and its anticancer efficacy in vivo. 

mTOR signaling inhibition has been proposed as a
promising therapeutic strategy for cancer therapy. However,
despite strong experimental evidence, its benefit in clinical
trials has been less successful than expected (1, 3). This is

partly explained by the observation that the inhibition of
mTORC1 results in the activation of the PI3K/Akt signaling
pathway that sustains proliferation and survival and thus
counteracts the anticancer efficacy of rapamycin. Therefore the
use of rapamycin as single agent in cancer therapy might have
limited efficacy, and combination therapy is required to
improve the anticancer efficacy of rapamycin. Consistent with
this idea, it was demonstrated that combining erlotinib, an
epidermal growth factor receptor (EGFR) inhibitor, with
rapamycin had a synergistic effect on cell proliferation
inhibition and on tumor xenograft growth inhibition (6).
Erlotinib is able to block rapamycin-induced Akt
phosphorylation and activation. Similarly, inhibitors of the
insulin-like growth factor 1 receptor (IGF-1R) sensitize cancer
cells to the antiproliferative effects of rapamycin by in part
blocking rapamycin-mediated Akt activation (9). Therefore,
combining inhibitors of the upstream components of the
PI3K/Akt signaling pathway appears to be a successful strategy
to improve the anticancer efficacy of rapamycin. Our work
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Figure 2. The expression of a constitutively active mutant of FOXO1 in HT29 cells potentiates the antiproliferative effect of rapamycin. a: HT29 cells
were stably transfected with a constitutive active mutant of FOXO1 (FOXO1-A3) or an empty vector (pcDNA3). Cytoplasmic and nuclear protein
fractions of the stable transfectants were isolated and analysed by Western blot for FOXO1-A3 using an anti-flag antibody. GAPDH and Histone H3
were used as loading controls for the cytosolic and nuclear fractions respectively. b: HT29 cells stably transfected with FOXO1-A3 or pcDNA3
were plated in six-well culture plates and treated with rapamycin (10 ng/ml) or vehicle for the indicated time. Cells were subsequently collected and
trypan blue-negative cells were counted by light microscopy using a Neubauer hemocytometer. Results are illustrated as the mean cell count ±S.D.
of three independent experiments. P-values were calculated by using a Student’s t-test. c: HT29 cells stably transfected with pcDNA3 or FOXO1-
A3 were treated or not with rapamycin (Rapa, 10 ng/ml) for 48 hours and processed for cell cycle analysis.



further identifies FOXO1, a downstream effector of the
PI3K/Akt pathway as a putative therapeutical target that
potentiates the anticancer efficacy of rapamycin. Indeed, we
found that rapamycin induced FOXO1 phosphorylation and
FOXO1 translocation from the nucleus to the cytoplasm. In

addition, we also found that rapamycin-mediated inactivation
of FOXO1 reduced the antiproliferative effect of rapamycin.
This is based on the observation that a constitutive active
mutant of FOXO1 increased the antiproliferative effect of
rapamycin both in vitro and in vivo. 

To evaluate the mechanisms by which the active mutant of
FOXO1 potentiates the antiproliferative effects of rapamycin,
we performed cell cycle analysis. While treatment of HT29
cells with rapamycin or expression of the active mutant of
FOXO1 had no significant effects on cell cycle distribution,
rapamycin treatment of HT29 cells expressing the active
mutant of FOXO1 resulted in a G1 arrest. Consistent with our
findings, it was observed that targeting the upstream
components of the PI3K/Akt signaling pathway potentiated the
antiproliferative effects of rapamycin by acting on the G1/S
transition. Treatment of breast cancer cell with the combination
of IGF-1R and mTOR inhibitors showed additive effects on G1
arrest compared to cells treated with either agent alone (9).
FOXO family members are well known to regulate the cell
cycle at the G1/S boundary. They promote cell cycle arrest by
repressing the expression of cell cycle activators, including
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Figure 3. Rapamycin increases FOXO1 phosphorylation in HT29 tumor
xenografts. a: HT29 cells were injected s.c. into the flank of nude mice.
Once the tumour xenografts reached 100 mm3, mice were randomized into
two groups (n=5/group) and treatment was started with vehicle or
rapamycin (1.5 mg/kg/d). Points, average value of tumor volume. Bars,
SD. p=0.016 (Student’s t-test) compared with vehicle control. b: Tumor
xenografts were harvested and tumor lysates were analysed by Western
blot for pAKT (Ser-473), total Akt, phospho-FOXO1 (Thr24), FOXO1,
phospho-S6 ribosomal protein (Ser 235/236) and S6 ribosomal protein.
The illustrated blots are representative of three similar experiments. 

Figure 4. The expression of constitutively active mutant of FOXO1 in
HT29 xenografts potentiates the anticancer efficacy of rapamycin. HT29
cells that were stably transfected with a plasmid encoding the active
mutant of FOXO1 (HT29/FOXO1-A3) or with pcDNA3 vector
(HT29/pcDNA3) were injected into the flank of nude mice. Once the
tumor xenografts reached 100 mm3, mice were either treated with
vehicle or rapamycin (rapa, 1.5 mg/kg/d; intraperitoneally) for 20 days
(n=5/group). Points, average value of tumour volume. Bars, SD. 
P-values were calculated by using a Student’s t-test.



cyclin D1 and cyclin D2. In addition, they can also up-regulate
cell cycle inhibitors such as p21 and p27 (18). In our work, we
did not find any significant changes in the expression of these
proteins (data not shown). Therefore, the molecular
mechanisms by which the active mutant of FOXO1 in
combination with rapamycin induces a G1 arrest in HT29 cells
is still under investigation.

Our work further provides a rationale for the use of mTOR
inhibitors in combination with therapies that restore the activity
of FOXO1. Several molecules and strategies aiming to restore
activity of FOXO proteins are currently being developed (13).
These include the modulation of the subcellular translocation of
FOXO factors whereby the nuclear export of FOXO factors is
prevented by blocking proteins responsible for nuclear export.
Among these proteins, the human nuclear export protein,
chromosome region maintenance 1 (CRM1), has been shown to
play an important role for the translocation and inactivation of
FOXO factors from the nucleus to the cytoplasm (20). CRM1
inhibitors such as leptomycin B have marked antiproliferative
effects on various cancer cell lines in vitro, however, clinical
development was discontinued due to high toxicity. Recently,
new inhibitors of CRM1 have been developed and present much
less toxicity than leptomycin B (21). Future studies will
determine their effects in cancer therapy either as single agent or
in combination with rapamycin.

In conclusion, these results show that rapamycin-induced
FOXO1 phosphorylation and inactivation reduces the
anticancer efficacy of rapamycin.

Acknowledgements
We would like to thank Kunliang Guan and William Sellers for sharing
plasmids. This work was supported by a research grant from the Swiss
National Science Foundation (SCORE 32323B-123821 to OD).

References
1 Guertin DA and Sabatini DM: Defining the role of mTOR in

cancer. Cancer Cell 12: 9-22, 2007.
2 Wullschleger S, Loewith R and Hall MN: TOR signaling in growth

and metabolism. Cell 124: 471-484, 2006.
3 Easton JB and Houghton PJ: mTOR and cancer therapy. Oncogene

25: 6436-6446, 2006.
4 Shah OJ, Wang Z and Hunter T: Inappropriate activation of the

TSC/Rheb/mTOR/S6K cassette induces IRS1/2 depletion, insulin
resistance, and cell survival deficiencies. Curr Biol 14: 1650-1656,
2004.

5 Zhang H, Cicchetti G, Onda H, Koon HB, Asrican K, Bajraszewski
N, Vazquez F, Carpenter CL and Kwiatkowski DJ: Loss of Tsc1/
Tsc2 activates mTOR and disrupts PI3K-Akt signaling through
down-regulation of PDGFR. J Clin Invest 112: 1223-1233, 2003.

6 Buck E, Eyzaguirre A, Brown E, Petti F, McCormack S, Haley JD,
Iwata KK, Gibson NW and Griffin G: Rapamycin synergizes with
the epidermal growth factor receptor inhibitor erlotinib in non-
small cell lung, pancreatic, colon, and breast tumors. Mol Cancer
Ther 5: 2676-2684, 2006.

7 Harrington LS, Findlay GM, Gray A, Tolkacheva T, Wigfield S,
Rebholz H, Barnett J, Leslie NR, Cheng S, Shepherd PR, Gout I,
Downes CP and Lamb RF: The TSC1-2 tumor suppressor controls
insulin-PI3K signaling via regulation of IRS proteins. J Cell Biol
166: 213-223, 2004.

8 O'Reilly KE, Rojo F, She QB, Solit D, Mills GB, Smith D, Lane H,
Hofmann F, Hicklin DJ, Ludwig DL, Baselga J and Rosen N:
mTOR inhibition induces upstream receptor tyrosine kinase
signaling and activates Akt. Cancer Res 66: 1500-1508, 2006.

9 Wan X, Harkavy B, Shen N, Grohar P and Helman LJ: Rapamycin
induces feedback activation of Akt signaling through an IGF-1R-
dependent mechanism. Oncogene 26: 1932-1940, 2007.

10 Accili D and Arden KC: FoxOs at the crossroads of cellular
metabolism, differentiation, and transformation. Cell 117: 421-426,
2004.

11 Calnan DR and Brunet A: The FoxO code. Oncogene 27: 2276-
2288, 2008.

12 Brunet A, Bonni A, Zigmond MJ, Lin MZ, Juo P, Hu LS, Anderson
MJ, Arden KC, Blenis J and Greenberg ME: Akt promotes cell
survival by phosphorylating and inhibiting a forkhead transcription
factor. Cell 96: 857-868, 1999.

13 Fu Z and Tindall DJ: FOXOs, cancer and regulation of apoptosis.
Oncogene 27: 2312-2319, 2008.

14 Sunters A, Madureira PA, Pomeranz KM, Aubert M, Brosens JJ,
Cook SJ, Burgering BM, Coombes RC and Lam EW: Paclitaxel-
induced nuclear translocation of FOXO3a in breast cancer cells is
mediated by c-Jun NH2-terminal kinase and Akt. Cancer Res 66:
212-220, 2006.

15 Lynch RL, Konicek BW, McNulty AM, Hanna KR, Lewis JE,
Neubauer BL and Graff JR: The progression of LNCaP human
prostate cancer cells to androgen independence involves decreased
FOXO3a expression and reduced p27KIP1 promoter transactivation.
Mol Cancer Res 3: 163-169, 2005.

16 Yang H, Zhao R, Yang HY and Lee MH: Constitutively active
FOXO4 inhibits Akt activity, regulates p27 Kip1 stability, and
suppresses HER2-mediated tumorigenicity. Oncogene 24: 1924-
1935, 2005.

17 Ramaswamy S, Nakamura N, Vazquez F, Batt DB, Perera S,
Roberts TM and Sellers WR: Regulation of G1 progression by the
PTEN tumor suppressor protein is linked to inhibition of the
phosphatidylinositol 3-kinase/Akt pathway. Proc Natl Acad Sci
USA 96: 2110-2115, 1999.

18 Tang ED, Nunez G, Barr FG and Guan KL: Negative regulation of
the forkhead transcription factor FKHR by Akt. J Biol Chem 274:
16741-16746, 1999.

19 Greer EL and Brunet A: FOXO transcription factors at the interface
between longevity and tumor suppression. Oncogene 24: 7410-
7425, 2005.

20 Vogt PK, Jiang H and Aoki M: Triple layer control:
phosphorylation, acetylation and ubiquitination of FOXO proteins.
Cell Cyle 4: 908-913, 2005

21 Mutka SC, Yang WQ, Dong SD, Ward SL, Craig DA, Timmermans
PB and Murli S: Identification of nuclear export inhibitors with
potent anticancer activity in vivo. Cancer Res 69: 510-517, 2009.

Received September 28, 2009
Revised February 23, 2010

Accepted February 24, 2010

ANTICANCER RESEARCH 30: 799-804 (2010)

804


